C otton (Gossypium spp.) is the most important textile fiber and oil crop worldwide. Cotton is produced in 76 countries, and cotton production covers >32 million ha worldwide (Burkitbayeva et al., 2016) . China is one of the top two countries for cotton production in the world . However, cotton production in China, as well as in other countries, has recently declined due primarily to increasing dryer environments worldwide (Guo et al., 2016; Liu et al., 2017) . China is already in a moderate status of water shortage, and agricultural water use accounts for nearly 62% of national annual water consumption (Guo et al., 2016) . As cotton is one of the most important commercial crops in China, it ranks highest in agricultural water consumption. The major cotton growing districts in China are located in Xin Jiang Province, an arid and to semiarid region where the air humidity is very low and there is a severe shortage ) and cotton (Gossypium hirsutum L.) decreases their sensitivity that improves tolerance to drought and salt stresses. To test the possibility that transgenic cotton constitutively expressing ScALDH21 may be suitable for cultivating under water deficit conditions, phenotype, physiological response, and yield of transgenic ScALDH21 cotton were measured in managed treatment plots and under field conditions. Overexpression of ScALDH21 in cotton resulted in higher net photosynthetic rate, less cellular damage, more cellular protective compounds, and enhanced growth compared with nontransgenic (NT) cotton under drought stress in managed treatment plots. Yield of transgenic cottons under deficit irrigation condition was increased above that for NT plants measured under full irrigation conditions. Under field conditions, transgenic cotton yield increased ?10.0% under full irrigation and ?18.0% under deficit irrigation conditions compared with NT. Fiber quality of transgenic cotton lines was also improved compared with NT under both full and deficit irrigation. These results suggest that transgenic ScALDH21 cotton is a viable candidate material for improving crop yields in water-limited agricultural production systems.
Overexpression of ALDH21 from
of water available for agriculture. These conditions drive the urgent need to develop cotton varieties that can survive drought as well as other adversities, such as heat and pathogen pressure. Biotechnology has been used for cotton improvement, and genetically modified cotton is now the third largest biotech crop in terms of acreage in China, and globally, transgenic cotton accounts for >81% of total cotton acreage (James, 2010; Anderson and Rajasekaran, 2016; Burkitbayeva et al., 2016; Liu et al., 2017) . However, by far the greatest percentage of transgenic cotton is aimed at controlling insect pest damage in the form of the expression of various forms of insecticidal proteins from Bacillus thuringiensis (i.e., Bt cotton). Recently, several genes have been used to improve the drought tolerance of transgenic cotton, including AtLOS5, encoding a molybdenum cofactor sulfurase responsible for aldehyde oxidase activity; GhAnn1, an annexin gene; isopentenyl transferase (IPT), a rate-limiting enzyme for cytokinin biosynthesis; and 14-3-3 genes that regulate the activity of plasma membrane H + -ATPase (Yan et al., 2004; Yue et al., 2012; Kuppu et al., 2013; Zhang et al., 2015) . Transcription factor genes GhABF2 (a bZIP transcription factor), AtEDT1/HDG11 (homeodomain-START transcription factor), AtRAV (related to ABA insensitive3/viviparous1), rice (Oryza sativa L.) NAC (a transcription factor), and AtSAP5 (a zinc-finger protein) have been introduced into cotton to increase drought tolerance (Hozain et al., 2012; Liu et al., 2014; Mittal et al., 2015; Liang et al., 2016; Yu et al., 2016) . Constitutive expression of the vacuolar proton-pumping pyrophosphatase (H + -PPase) gene (AVP1) from Arabidopsis in cotton plants results in ?20% higher fiber yield per plant under dryland conditions compared with nontransgenic cotton (Pasapula et al., 2011; Zhang et al., 2011a) . Co-overexpression of AVP1 with AtNHX1 in cotton further improves drought tolerance (Shen et al., 2015) . However, only transgenic AtEDT1/HDG11 and transgenic AtAVP1 cotton improved both drought tolerance and cotton or fiber yield concurrently under field conditions.
In this report, we verified the role of the ScALDH gene involved in drought stress by overexpression in cotton and the possible use of this transgenic line as a promising crop in arid zones or drought fields. Results from oxidative stress could improve both drought tolerance and yield of cotton in both managed treatment plots (controlled water availability) and under field conditions. Plants exposed to abiotic stress generate excess reactive oxygen species (ROS) and >200 types of aldehydes. Aldehydes can destroy cell membranes and induce protein denaturation and cytoplasmic leakage, which ultimately reduces crop yield (Singh et al., 2013) . The aldehyde dehydrogenase (ALDH) enzyme superfamily is composed of a wide variety of enzymes that play an important role in the enzymatic detoxification of endogenous and exogenous aldehydes. Aldehyde dehydrogenase enzymes can use either NAD + or NADP + as an electron acceptor cofactor to mitigate oxidative and electrolytic stress by reducing toxic compounds to produce NADH or NADPH (Singh et al., 2013) . This ability means ALDH enzymes play an important role in cellular protection against oxidative stress in plants (Duan et al., 2016) .
The biotechnological use of ALDH enzymes for improved abiotic stress tolerance in plants has been limited. A BADH (betaine aldehyde dehydrogenase) gene, a member of the ALDH10 subfamily associated with glycine betaine synthesis, has been overexpressed in some transgenic plants (Zhang et al., 2011b; Bao et al., 2011; Hasthanasombut et al., 2011) . For example, SpBADH of the halophyte Sesuvium portulacastrum L. confers drought tolerance to transgenic Arabidopsis by ROS scavenging (Yang et al., 2015b) . ALDH2 potently regulates the metabolism of aldehydes such as 4-hydroxynonenal (4-HNE), which is the endogenous product of lipid peroxidation, thus inhibiting 4-HNE accumulation and regulating downstream signaling pathways in the cell, and overexpressed VpALDH2 confers abiotic and biotic tolerance (Wen et al., 2012; Xu et al., 2017) . However, the ALDH family has many members, and reports on its use to improve cotton are scarce.
In our previous studies, we demonstrated that aldehyde dehydrogenases gene ScALDH21 from the desiccation-tolerant desert moss Syntrichia caninervis Mitt. when overexpressed in tobacco (Nicoiana tabacum L.) and Gossypium hirsutum L. (Yang et al., 2015c (Yang et al., , 2016 can improve vegetative salt and drought tolerance under greenhouse and field conditions. However, to be an effective transgenic approach, it is necessary to determine how the constitutive overexpression of ScALDH21 affects cotton yields and fiber quality under both full and deficit irrigations. In this report, we demonstrate that transgenic cotton constitutively expressing ScALDH21 improves both yield and cotton fiber quality under field production conditions, as well as in managed treatment plots. This work demonstrates the ability of ScALDH21 to improve yield in cotton in the field under different water conditions.
MATERIALS AND METHODS

Experimental Site and Plant Material
To evaluate the drought tolerance of transgenic cotton lines, all three transgenic ScALDH21 gene lines and nontransgenic control (NT) were grown at the Manas experimental farm of the Research Institute of Economic Crops, Xinjiang Academy of Agricultural Sciences, Xinjiang, China (44°18¢13.91¢¢ N, 86°13¢11.03¢¢ E; 456 m asl). Manas County is located in the warm-temperate arid zone and has a temperate continental climate according to Köppen classification (Peel et al., 2007) .
The frost-free period is ?170 d at the Manas station. The cotton was sown in the middle of April, when the temperature rose up to 20°C, and was harvested in October when the flowering stage between 8:00 and 10:00 AM was selected in all the leaf analyses. Six leaves were collected from each line (two leaves ´ three holes) after 5 d of pour-watering. The net photosynthetic rate, stomatal conductance, and transpiration rate were measured using a portable infrared gas analyzer-based photosynthesis system (Li-Cor 6400), as described by Zhang et al. (2014) . Three reads per leaf were performed by the instrument. The number of fruit branches, opened boll number, and plant height were measured on five randomly selected plants from each hole at the end of the growing season.
Lipid Peroxidation, Proline Content, and Peroxidase Activity Test in the Managed Treatment Plots
The same set of leaves after the above photosynthesis tests were then used for the following physiologic measurements. Lipid peroxidation levels were estimated by measuring the malondialdehyde (MDA) content using the thiobarbituric acid (TBA) method (A003-1, Jiancheng Institute, Nanjing, China) and monitored at 532-nm absorbance peak using a spectrophotometer. Total soluble proline content was measured using a proline kit (A107, Jiancheng Institute, Nanjing, China) following the manufacturer's instructions and monitored at 520-nm absorbance. The peroxidase (POD) activity was determined using a POD kit (A084, Jiancheng Institute, Nanjing, China) and monitored at 420-nm absorbance. Absorbance measurements were obtained using a Lambda 35 spectrophotometer (PerkinElmer). Three biological replicates were used.
Experimental Treatment in the Production Field
To test the performance of cotton overexpressing ScALDH21 under full and deficit irrigation conditions, cotton plants of two transgenic lines (L16 and L38) and the NT plants were grown in standard production fields at Manas station from mid-April to October in 2014 and 2016. Each experiment was divided into two groups: (i) a full drip irrigation (according to regional standard practice) group, and (ii) a deficit drip irrigation group with 30% less total water. There were eight irrigation events in each cotton season, and the total water amount was ?6.75 ´ 10 6 L ha −1 in full irrigation. There were ?234,000 cotton plants per hectare; therefore, a single plant received 28 L water in the field.
The two groups were placed in the field in a randomized block design with the three cotton lines (L16, L38, and NT) temperature decreased to ?8°C (Fig. 1) . The relative humidity ranged from 15 to 25% (Yang et al., 2016) , with an annual precipitation of 210 mm in 2014 (Fig. 1) .
Three homozygous transgenic ScALDH21 cotton lines (L16, L38, and L42) were obtained through our previous experiments, the procedures of which are characterized in detail (Yang et al., 2016) . Briefly, the open reading frame of the ScALDH21 complementary DNA (GQ245973) was amplified and cloned into the SalI-KpnI site of the pCAMBIA2300 plasmid under the CaMV 35S promoter. The recombinant vector containing the neomycin phosphotransferase gene NPTII served as a selectable marker. Further, genetic construct was transformed into the Agrobacterium tumefaciens strain EHA105 to transform the upland cotton (G. hirsutum) Xinnongmian 1.
Experiments in the Managed Treatment Plots
Three ScALDH21 transgenic cotton lines and a nontransgenic receptor line (NT) were sown in mid-April 2014. The managed treatment plots consisted of 24 holes of 1.3-m length, 1.1-m width, and 0.6-m depth that were covered with a waterproofing membrane on four sides and the bottom to avoid water exchange in root zone (Fig. 2B) . At the same time, a plastic shelter was used to shield the plots from rainfall when necessary. Every hole contained 40 plants in four rows, with ?0.12 m between plants and 0.25 m between each row. The distance between holes was 0.5 m (Fig. 2B) . Every cotton line per hole was treated with full (810 L water) and deficit watering (405 L water) with nine watering events (Table 1) . Under every watering treatment, every cotton line has three biological repeats (Fig. 2) , meaning every line was watered with 90 L water (810 L over nine watering events) per hole at every watering event in the control group (Table 1) Chlorophyll Content, Leaf Area, Photosynthesis, and Plant Phenotype Measurement in the Managed Treatment Plots
The chlorophyll content of the leaves was tested using a SPAD-502 chlorophyll meter (Konica Minolta). The leaf area was monitored by leaf area meter (LiDE 110, YMJ-C, Top Instrument). The fourth leaf from the apical meristem at the and three replicates plots (Fig. 3) . Each plot consisted of two transgenic lines and one NT line. The average row spacing was 0.38 m, interplant spacing was 0.1 m, with ?340 plants per cotton line in each plot, and the area of each plot was ?41 m 2 (Fig. 3B, 1 .52-m width ´ 3-m length ´ 9). Agronomic phenotypic traits, including plant height, boll weight, growth period, and fiber yield and quality, were measured at the end of the growing season in October. The cotton growth period is ?120 d in the Manas region. Regional evapotranspiration for the entire cotton vegetation period in northern Xinjiang was estimated as 525 to 689 mm (Zhou et al., 2012; Yang et al., 2015a) .
Cotton Yield and Fiber Quality
To evaluate the cotton yield and fiber quality under full and deficit irrigation conditions in the production field, seed cotton of the ScALDH21 transgenic lines and NT cotton was ginned after harvesting by hand in October. Briefly, cotton yield was estimated for each plot, the mean value from three plots per line was generated, and we assessed yield per hectare. Fifty completely opened bolls were taken from middle of fruit-bearing shoots from each plot (3 ´ 50 bolls per line) and calculated mean weight value. Fiber and seeds were weighed separately and lint percentage (fiber weight/seed cotton weight), seed index (the weight of 100 seeds), and lint index (the lint weight of fiber from 100 seeds of cotton) were calculated. Similar calculations were applied for the experiment in managed treatment plots.
Three replicates of lint sampled from the plants of each transgenic line and NT line were analyzed for fiber quality using a Zellweger Uster Model 9000 high volume instrument (HVI), which records fiber length and uniformity, micronaire values, and pressley stelometer-derived fiber strength (cN tex that the relative water content of 10-cm-depth soil in the stress group was lower than that in control group at two sampling times: 15 to 24%, respectively, on 4 July and 25 to 34%, respectively, on 28 July (Supplemental Table S1 ).
Effects of Deficit Irrigation on the Photosynthetic Capacity of ScALDH21 Transgenic Cotton
The ScALDH21 transgenic lines displayed a minimum 77% higher net photosynthetic rate than NT plants in stress group (Fig. 5 , P < 0.05). However, net photosynthesis rates were not significantly different in the control group (Fig. 5) . The transgenic lines also exhibited significantly increased stomatal conductance (mean = 66% higher) and transpiration rate (mean = 103% higher) compared with the NT plants in the stress group ( Fig. 5 , P < 0.05), although no significant changes were seen in the control group.
Effects of Deficit Irrigation on the Malondialdehyde, Chlorophyll (SPAD Value), and Proline Contents and Peroxidase Activity of Transgenic Cotton
In control group, MDA level, chlorophyll content, and POD activity were not significantly different in the ScALDH21 transgenic and the NT lines (Fig. 6 ). Malondialdehyde accumulated in NT plants significantly more (mean = 16%) than in transgenic lines plants in the stress
Statistical Analysis
All experimental data consisted of the means of at least three independent replicates, and comparisons between the transgenic and nontransgenic plants were performed using one-way ANOVA with Duncan's multiple tests. A P value of <0.05 was considered statistically significant. All statistical analyses were performed using SPSS 17 (SPSS, 2008) . All figures were generated in Adobe Illustrator CS3 Version 13.0.0.
RESULTS
Effects of Water Deficit on Plant Phenotype of Transgenic ScALDH21 Cotton
At the end of the growing season, the height of plants for all three ScALDH21 transgenic line was significantly greater than the height of the NT plants in both the control (mean = 26% higher) and 50% stress groups (mean = 23% higher) (Fig. 4 , P < 0.05). The leaf shape and leaf length/width ratio did not differ between the transgenic and NT lines in both conditions. However, the leaf area of the transgenic plants was significantly greater than that of the NT plants in the control group (mean = 79% greater) and stress group (mean = 51% greater) (Fig. 4 , P < 0.05).
The fruit branch and boll numbers for the transgenic lines were not significantly different from those of the NT plants in the control group, but transgenic plants exhibited approximately 24% more branches and 32% more bolls than the NT plants in the stress group (Fig. 4 , P < 0.05).
The soil water content monitored in 2014 demonstrated group ( Fig. 6A , P < 0.05). The proline contents of the two independent transgenic lines (L38 and L42) were elevated (the mean was 42% higher in the control group and 20% high in the stress group) compared with NT ( Fig. 6B , P < 0.05). The chlorophyll contents in transgenic lines were also higher (mean = 11%) than for NT in the stress group ( Fig. 6C , P < 0.05). The POD activity in transgenic lines was also significantly higher (mean = 23%) than in NT plants in the stress group ( Fig. 6D , P < 0.05).
Effects of Deficit Irrigation on Yield and Cotton Quality of ScALDH21 Transgenic Cotton under Managed Treatment Plots and Production Field Conditions
Four parameters, including boll weight, seed index, cotton yield, and fiber yield, were measured under both full and deficit (50% reduced water) irrigation conditions in managed treatment plots at the end of cotton grown season. Boll weight was significantly decreased in both transgenic and NT lines under water deficit conditions, with L42 lines showed greater boll weight than NT under water deficit conditions ( Fig. 7A , P < 0.05). Seed index in transgenic lines was increased under both full and deficit irrigation conditions and reached up to 22% under stress group compared with NT plants (Fig. 7A , P < 0.05). Cotton yield per hectare and fiber yield showed no significant difference in both conditions. (Fig. 7A) . Under production field conditions, the boll weights of transgenic lines were greater (up to 8% greater in 2014, on average) than those of NT plants (Fig. 7B) . The seed index of transgenic lines was significantly higher than that of NT plants under both full (up to 17% higher in (Fig. 7B , P < 0.05). Overall, under field conditions, constitutive overexpression of ScALDH21 increased seed index, seed cotton yield, and fiber yield by more than ?10% under full and ?18% under deficit irrigation conditions for both growing seasons.
The fiber length, uniformity, strength, elongation, and micronaire value of the ScALDH21 transgenic lines were improved or significantly improved compared with NT under full and deficit irrigation conditions in both managed treatment plots and the production field (Table 2, Supplemental Table S2 ).
DISCUSSION
Plant ALDH proteins belong to a large family of proteins and play important roles in homeostatic cellular metabolism (Stiti et al., 2011) . Some ALDH subfamilies have been shown to play important roles in plant resistance to biotic and abiotic stressors (Liu et al., 2001; Sophos et al., 2001; Singh et al., 2013) and one unique subfamily, ALDH21, exists in mosses and has been indicated to respond to abiotic stress at the transcript abundance level (Chen et al., 2002; Kirch et al., 2004; Wood and Oliver, 2004; Wood and Duff 2009; Yang et al., 2012) . In our previous work, we cloned the ALDH21 gene from Syntrichia caninervis, a desiccation-tolerant desert moss, and validated its enhancement of abiotic stress ability by constitutive overexpression in cotton (and tobacco) under controlled conditions (Yang et al., 2015c (Yang et al., , 2016 . Until now, its growth behavior under deficit watering conditions and its potential ability to improve cotton yield and fiber quality in production field conditions were not well studied, which greatly limited future gene applications.
Furthermore, genome-wide identification of ALDH genes in allotetraploid species G. barbadense L. and G. hirsutum, as well as in their diploid relatives G. raimondii Ulbr. and G. arboreum L., showed 10 gene families distributed differently among cotton species that differently regulated during salt (Dong et al., 2017) and drought (He et al., 2014) stresses. No ScALDH21 orthologs were found in cotton genome, which suggested that ALDH members are unique for mosses (Wood and Oliver, 2004) . The ScALDH21 transgenic lines exhibited larger leaves and greater plant height, and also increased fruit bearing branches and bolls under both full and water deficit conditions in the managed treatment plots (Fig. 4) , which may improve the overall health of the transgenic cotton and allow them to perform better under abiotic stress conditions. In addition, the ScALDH21 transgenic plants also The stress group was created by 50% reduced water. The results shown are the means ± SE from six replicates; MRT, Duncan's significant difference at the 5% level of significance. Means followed by a common letter are not significantly different. FW = fresh weight. Fig. 7 . Transgenic ScALDH21 lines demonstrated better cotton yield traits in managed treatment plots and in production field. Yield trait data were gained from (A) managed treatment plots in 2014 and (B) from the production field in 2014 and 2016. Deficit irrigation was executed by 50% reduced water in managed treatment plots and 30% reduced water in production field trials conditions. Results shown are the means ± SE; MRT, Duncan's significant difference at the 5% level of significance. Means followed by a common letter are not significantly different. Numbers with arrows indicate approximate percentage changes of traits of transgenic lines relatively to nontransgenic (NT) lines. 28.67 ± 0.74a † NT, nontransgenic lines. ‡ Means followed by a common letter are not significantly different by the MRT test at the 5% level of significance. MRT, Duncan's honestly significant difference at the 5% level of significance. § Different uppercase letters indicate micronaire ranks. Rank A, micronaire value between 3.7 and 4.2; Rank B 1 , macronaire value between 3.5 and 3.6; Rank B 2 , micronaire value between 4.3 and 4.9; Rank C, micronaire value <3.4 or >4.9.
showed greater photosynthesis ability, including greater net photosynthetic rates, stomatal conductance, and transpiration rate under water deficiency (Fig. 5) , which facilitated growth even under stress conditions (Kuppu et al., 2013; Liu et al., 2014) . However, we did not assess the root architecture of the transgenic plants vs. the controls, so this remains speculative. Thus, it appears that transgenic ScALDH21 cotton plants exhibit improved drought tolerance by maintaining superior growth and higher photosynthesis levels.
Nevertheless, how overexpression of ScALDH21 improves overall plant health and performance under deficit irrigation remains of interest. The toxicity of ROS produced by environmental stress results in reductions in growth, delayed development, and reduced yield for all plants (Caverzan et al., 2016) . The ScALDH21 cotton lines in this study responded to deficit irrigation with an increase in POD activity, which is consistent with previous reports (Luo et al., 2013) , and thus it is reasonable to suggest that they are better equipped to nullify drought-induced ROS production. The ScALDH21 cotton lines also exhibit reduced levels of MDA, widely recognized as an index of peroxidation (Mittler, 2002) , which also indicates an increased capacity to protect the cells from oxidative stress. In addition, the increased ability to mitigate droughtinduced oxidative stress is manifested by the ability of the ScALDH21 cotton lines to maintain photosynthetic homeostasis and chlorophyll levels. The ScALDH21 cotton lines also exhibit a more pronounced proline accumulation response to deficit irrigation and proline, which is a well-distributed, multifunctional osmolyte that enhances osmotic stress tolerance (Ribarits et al., 2007; Liu et al., 2014) . Overall the data indicate that overexpression of ScALDH21 reduced ROS induced membrane peroxidation (lower MDA), elevated proline levels, and increased ROS protection (elevated POD activity), perhaps maintaining a more intact cell system to counteract the negative effects of water-deficit stress. In conjunction, it appears that both enhanced cellular protection from damage, which results from oxidative stress that occurs during full metabolic processes or is induced by drought, and the increased ability to osmoregulate during water deficit stress enable the ScALDH21 cotton lines to perform better under full and deficit irrigation than nontransgenic cotton lines.
Reactive oxygen species are accumulated in response to various biotic and abiotic stressors, high levels of which cause oxidative stress, leading to cell damage. Stress-induced cellular accumulation of ROS causes lipid peroxidation, which results in the production of free radical reactions primarily involving membrane polyunsaturated fatty acids (Halliwell and Gutteridge, 1989 ). Toxic aldehydes are major products of the lipid peroxidation, and their accumulation leads to the production of ROS (Lamb and Dixon 1997; Yoshida et al., 1998; Bolwell, 1999) . Fatty acid synthesis is required for biosynthesis of many cellular membrane lipids, especially in an elongating cotton fiber. Biosynthetic genes of the fatty acid synthesis were highly expressed in elongating fiber (Shi et al., 2006) . In Arabidopsis, ALDH3I1 and ALDH7B4 function as aldehyde-detoxifying enzymes, and as efficient ROS scavengers and lipid peroxidation-inhibiting enzymes as well. Overexpressing these genes in Arabidopsis reduced the level of lipid peroxidation under drought and salt stress (Kotchoni et al., 2006) .
Reactive oxygen species are one of the key factors in fiber cell elongation that participate either directly or indirectly (Zhang et al., 2010; Qin and Zhu, 2011; Tang et al., 2014) . In our results, overexpressing ScALDH21 lines had improved fiber quality compared with NT under deficit irrigation. ScALDH21 might play a role as ROS scavengers to protect lipid peroxidation of single-celled fiber.
Only a few studies have addressed the critical issue of how transgenic plants behave under production field conditions, and many that perform well in controlled environments fail to excel in commercial use (Shen et al., 2015) . The performance of the ScALDH21 transgenic cotton lines indicated that they will perform well if used in commercial cotton production. We demonstrated that cotton seed index, cotton yield, and fiber quality, and perhaps boll weights, increased under both full irrigation and deficit irrigation in the field; seed yield, in particular was significantly enhanced compared with the nontransgenic control line (Fig. 7) .
The managed treatment plot experiments indicated that 50% deficit irrigation significantly affected cotton vegetative growth and cotton yield (a ?50% loss of cotton seed and lint yield compared with full irrigation, Fig. 7A ), whereas in the field, 30% deficit irrigation did not significantly affect vegetative growth and cotton yields (Fig. 7) . This can be explained by the amount of water used, which was 675 L water m −2 for full irrigation and 472 L m −2 for deficit irrigation in the field, and 566 (control) and 283 L m −2 (stress) in the managed treatment plots. It has been shown that cotton demonstrates yield reduction under water deficiency created either by drip or surface irrigation (Basal et al., 2009; Yang et al., 2015a; Bozorov et al., 2018) . Moreover, yield changes in managed treatment plots were consistent with a recent study in which similar deficit surface irrigation was used with different cotton genotypes (Bozorov et al., 2018) . The improved tolerance and yield of transgenic cotton plants are perhaps a result of improved photosynthetic homeostasis, manifested as an increased number of fruiting branches and bolls (Fig. 4 and 5) . The enhancement of cotton seed development (increased seed index and boll number) can explain the seed and fiber yield improvements we observed (Yu et al., 2016) .
CONCLUSIONS
Taken together, we conclude that ectopic expression ScALDH21 in cotton plays an important role during water deficit that protects plants by ROS scavenging and osmotic material protection, especially fiber cells, which are not affected much during water deficiency. Overall, transgenic plant performance was better improved in cotton yield and fiber quality parameters. Field-generated yield improvement, resulting from the constitutive expression of ScALDH21, was 10.0% under full irrigation conditions and >18.0% under deficit irrigation in the production field.
